The mechanism of temperature-sensitive transfer was studied for plasmids of the H incompatibility group. Transfer depended on the temperature of the mating mixture but the growth temperature of the donor was also important, and donor cells previously grown at 26 "C could not facilitate transfer at 37 "C. Comparison of transfer characteristics of a non-thermosensitive H plasmid R83 1 b and thermosensitive H plasmids from Salmonella from Ontario during a 2 h mating period showed that the thermosensitive phenotype inhibited transfer by about 200-fold at 37 "C and by 10-fold at 42 "C. At temperatures between 15 and 30 "C, the thermotolerant H plasmid transferred at about the same frequency as the temperature-sensitive plasmid. Elimination of some H plasmids after growth of host cells was also observed and physical evidence of this was obtained. The characteristic of high-temperature elimination (Hte) was limited to plasmids from similar bacterial and geographical sources. Plasmids from Salmonella spp. isolated in Ontario did not possess this phenotype, whereas plasmids from Serratia marcescens isolated in the United States did. Although the Tra(ts) and Hte phenotypes may both be characteristic of H plasmids, they were shown to be separate and distinct properties. The H plasmids used in this study were isolated and their molecular weights determined by agarose gel electrophoresis. All were large, with molecular weights often exceeding 140 x lo6. In contrast, the thermostable H plasmid R831b had a molecular weight of only 49 x lo6.
I N T R O D U C T I O N
Plasmids of the H incompatibility group were first described by Grindley et al. (1972) after their isolation from chloramphenicol-resistant strains of Salmonella typhi. Smith (1974) showed that they were temperature-sensitive for transfer. Plasmids of the H group often mediate drug resistance in SaZmonella [see Anderson (1977) for a historical review of their prevalence in this genus]. We have frequently identified plasmids of the H2 subgroup in Salmonella spp. isolated from man and animals from Ontario, Canada, and New York State, U.S.A. (Taylor & Grant, 1976; Grant & Di Mambro, 1977; Taylor et al., 1978;  D. E. Taylor & J. F. Timoney, unpublished results). However, they are also found in other enterobacteria, including Shigella J-lexneri (Taylor & Grant, 1977 a) , Klebsiella pneumoniae (Smith et al., 1978) and Citrobacter freundii (Taylor & Summers, 1979) . reported that plasmids from Serratia marcescens, classified into the S group (Hedges et al., 1975) , were thermosensitive for transfer. These plasmids were incompatible with H plasmids, had similar properties to those of the H2 subgroup of H plasmids and were therefore reclassified as H2 plasmids (Taylor & Grant, 1977 b) .
A thermosensitive mode of transfer is considered to be characteristic of H plasmids (Smith, 1974; Anderson, 1975; Taylor et al., 1978) . Only plasmids of the H group and the Thailand, 1972 Spain, 1969 Canada, 1974 Canada, 1974 Canada, 1974 U.S.A., 1974 Brazil, 1973 Japan, 1964 U.S.A., 1977 Italy, 1975 6 R831b shows strong surface exclusion with an H2 plasmid and weaker surface exclusion with an H1 plasmid.
It is incompatible with representative H1 and H2 plasmids and compatible with Flac (Taylor & Grant, 1977~) . Therefore it has been placed in the H2 subgroup.
T group (Terawaki et al., 1967; Coetzee et al., 1972) have been reported to be temperaturesensitive for transfer, Tra(ts). The unusual nature of the transfer process possessed by H plasmids prompted us to study the mating characteristics of various H plasmids including the H1 plasmid pRG1251 from Salmonella typhi, the H2 plasmids pSDll4 from Salmonella anatum and R478 from Serratia marcescens, which was originally classified as an S plasmid, and a non-thermosensitive H plasmid R83 1 b. These plasmids were tested using transfer experiments to determined how the transfer process is temperature-dependent. The maintenance of H plasmids at different temperatures was also investigated. Our results indicated that plasmid elimination at high temperature observed for some H plasmids is not directly related to temperature-sensitive transfer.
M E T H O D S
Bacterial strains andplasmids. The H plasmids and their origins are shown in Table 1 . The bacterial strains used in the mating experiments were Eschevichia coli C RG176 (nal), E. coli K12 RG192 (rif) and RG208 (nal) (Taylor & Grant, 1977~) . Eschevichia coli K12 strain CSH-2 containing N-1 was obtained from T. Arai (Watanabe & Fukasawa, 1961 ; Watanabe et al., 1964) . Salmonella typhimurium RG179, a nalidixic acid-resistant derivative of RT576 (Grindley et al., 1972) , was obtained from R. B. Grant.
Short-term mating experiments. Cultures of donor and recipient strains were grown overnight without shaking at different temperatures in Penassay broth (Difco). To 1 ml of preincubated Penassay broth was added 0.4 ml of the culture containing the recipient and 0.1 ml of the culture containing the donur. This mating mixture was incubated without shaking in a water-bath maintained in a refrigerator (5 "C), or in a low-temperature incubator (10 to 30 "C) or in heating blocks (37,42 or 44 "C) for 2 h. The mating mixtures were then plated on MacConkey agar or Brain Heart Infusion (BHI) agar (Difco) containing rifampicin (100 pg ml-l) and one of the following antibiotics or inorganic compounds: chloramphenicol (16 pg ml-l), tetracycline (8 pg ml-l), ampicillin (24 pg ml-l), potassium tellurite (20 p~) or mercuric chloride (0.2 mM). The mating frequency was calculated as the number of transconjugants per donor cell.
Overnight mating experiments. Cultures of donor and recipient strains were incubated overnight at 37 "C, and then 10 pl of donor culture and 50 pl of recipient culture were added to 1 ml of Penassay broth which had been prewarmed to 26 or 37 "C. After 18 h mating, mixtures were plated on MacConkey agar as described above, and the mating frequency was calculated as the number of transconjugants per recipient.
High-temperature elimination experiment. Cells of E. coli or S, typhimzcrium containing the plasmid were incubated at 26 "C in 1 ml of Penassay broth for 18 h. Each culture was diluted with 1 ml of fresh prewarmed broth at 26,30,37,42 or 44 "C to give a final concentration of 5 x lo3 cells ml-l. The cultures were grown for 24 h, then tested for the presence of the plasmid by replica plating on to antibiotic medium and subcultured into fresh broth. This subculture was retested and rediluted after a further 24 h incubation. In all, three subcultures were tested at each temperature, corresponding to 24 h (20 generations), 48 h (40 generations) and 72 h (60 generations). Screening for high-temperature elimination was done after 24 h growth at 44 "C.
Plasmid DNA extraction, agarose gel electrophoresis and estimation of molecular weights. Plasmid DNA was extracted from plasmid-containing derivatives of E. coli RG192, or CSH-2 in the case of N-1, by the method of Hansen & Olsen (1978a) . The DNA was extracted from 40 ml cultures in BHI broth grown overnight at 30 "C. The plasmid isolation procedure entailed lysis of cells with lysozyme and sodium dodecyl sulphate (SDS) in the presence of Na,EDTA followed by an alkaline denaturation and a neutralization step. The membrane-chromosomal complexes were removed by precipitation with 4 yo (w/v) SDS and 1.0 M-NaCl.
The DNA was precipitated with 10% (w/v) polyethylene glycol 6000. Samples of the plasmid-enriched DNA preparations thus obtained (25 p l ) and tracking dye (10 p1) were subjected to electrophoresis for 6 h at 8 V cm-l through a vertical 0.7% (w/v) agarose gel at 18 "C. Bands were visualized on an UltraViolet Products Transilluminator with short-wave bulbs (254 nm) after staining with ethidium bromide (Meyers et al., 1976) . Photographs were taken with Ilford FP4 film (4x 5 in) using a number 23A Wratten gelatin filter. To estimate the molecular weight of H plasmid DNA molecules, plasmids of known molecular weight were run in each gel and standard curves of the log of the molecular weight versus log of relative mobility (Meyers et al., 1976) were prepared for each gel. The standard plasmids were: S-a (W group, mol. wt 23 x lo6); RPl (P group, 38 x lo6); Rldrdl9 (FII group, 62x lo6); TP117 = R27 (HI group, 112 x lo6); TP116 (H2 group, 1 4 3 . 7~ loo); R478 (H2 group, 166x lo6). The standard curves were used to determine the approximate molecular weights of the unknown plasmids. Each molecular weight was determined three to eight times.
Physical proof of plasmid elimination. DNA was isolated from strains of E. coli RG192(pRG1251) and RG192(R478) both before and after growth at 44 "C. The DNA was prepared and subjected to electrophoresis as described above. The presence or absence of plasmid DNA was monitored by U.V. light after staining with ethidium bromide.
R E S U L T S
Influence of the donor, recipient and mating temperature on transfer. Thermosensitive transfer was investigated in detail for pRG1251, pSD114 and R478. The influence of the growth temperature of the plasmid-free recipient culture on transfer was tested by growing donor cultures and performing short-term mating experiments at the permissive temperature of 26 "C. The growth temperature of the recipient had no effect on the transfer of pSD114, which transferred at a frequency of transconjugants per donor in 2 h crosses. Increasing the growth temperature of the recipient reduced the transfer frequency of R478 and pRG-1251 only slightly: from 7 x to 3 x for pRG1251. In all cases pre-growth of the recipient at temperatures of 37 "C or higher caused less than a 10-fold reduction in the mating frequency.
The growth temperature of the donor culture significantly affected transfer and there was a lo2-to 103-fold reduction in the frequency of mating at 26 "C from donor preincubation temperatures of 26 to 42 "C (Fig. 1) . The level of transfer achieved during a 2 h cross was also affected by the temperature of the mating mixture. The optimum mating temperature was from 26 to 30 "C (lo-* per donor). At mating temperatures of 37 "C or higher (42 or 44 "C) transfer was not detected (< lo-' per donor). Our experiments showed that it was not possible to bring about the transfer of H plasmids in mating mixtures incubated at 37 "C or higher by preincubation of the donor culture at lower temperatures (26 or 30 "C).
(at 26 "C) to (at 44 "C) for R478 and from Plasmid transfer with time. The transfer characteristics of pRG125 1, R478 and pSD 1 14 all appeared to be similar during the 2 h mating period (Fig. 1) . All three plasmids were 'repressed' for transfer (Meynell et al., 1968) since the maximum frequencies were about in 2 h crosses. When the transfer of the three plasmids was followed for 24 h, all had similar mating kinetics and the frequency of transfer reached between andj10-3 in 24 h crosses, Conjugation on solid surfaces, using filters, has not increased the transfer frequency of these plasmids (Grant et al., 1976) .
Thermosensitive transfer of H plasmids from diflerent bacterial and geographical sources. Plasmids of the H incompatibility group from our collection were tested for transfer at 26 and 37 "C in simultaneous overnight mating (Table 2) . Conjugative transfer was inhibited at 37 "C for all H plasmids tested except R831b, which had a frequency of transfer of approximately 3 x
Comparison of transfer characteristics of thermosensitive and thermostable H plasmids. The R83 1 b plasmid was the only H plasmid which was not temperature-sensitive for transfer. The transfer frequencies of R831b and of the temperature-sensitive H plasmid pSD114 were compared at different temperatures during a 2 h mating period (Fig. 2) . At low temperatures (15 to 30 "C), transfer of pSDll4 was approximately the same as that of R831b. At 37 "C transfer of R831b exceeded that of pSDll4 by 300-fold. The maximum frequency of transfer, at 26 to 30 "C for pSDll4 and at 37 "C for R831 b, was about the same (2 x per recipient at 26 and 37 "C. < 1x10-8 < 1x10-8 < 1 x 10-8 < 1 x 10-8 < 1 x 10-8 < 1x10-8 < 1x10-8 2 x 10-6 1 x 10-7 1 x 10-7 3 x 10-7 3 x 10-4 3 x 10-8
(26 "c/37 "C)
* Calculated as the number of transconjugants per number of recipients after overnight mating.
transconjugants per donor cell). The mating frequency of pSDll4 fell off sharply at temperatures above 35 "C. Although transfer of R831b was reduced above 40 "C, it was not strongly inhibited at higher temperatures as was the case with pSD114.
Elimination of H plasmids from E. coli and S. typhimurium at high temperatures.
In addition to their thermosensitive mode of transfer, both R478 and pRGl251 were also found to be temperature-sensitive for plasmid maintenance in E. coli. At 42 "C, about 4 % of clones of RG192(R478) simultaneously lost their drug resistance markers after 24 h incubation (20 generations), increasing to 20 yo after 60 generations. At 44 "C, about 30 yo of clones became plasmid-free after 20 generations and 907; after 60 generations. The pSD114 plasmid is stable at these temperatures. Similar results were obtained when S. typhimurium RG179 was the host bacterium. Generally an increase in growth temperature produced a greater frequency of plasmid loss from E. coli K12, E. coli C and S. typhimurium. Loss of drug resistance markers always coincided with a loss of plasmid DNA. This was confirmed by the isolation of DNA from cells by the method of Hansen & Olsen (1978a) as discussed below.
Elimination from E. coli of H plasmids isolated from diferent bacterial and geographical sources after growth at 44 "C. H plasmids from different bacterial and geographical sources were divided into two categories on the basis of their stability on subculture at 44 "C for 24 h. The frequency of these two phenotypes ammgst the H plasmids is shown in Table 3 . The ability of H plasmids to be lost or maintained at 44 "C appears to be a stable character observed in different strains of E. coli K12, E. coli C and in S. typhimurium. We therefore suggest that the phenotype of high-temperature elimination be termed Hte to conform with the recommendations of Novick et al. (1 976) . Plasmids from a common origin had a similar phenotype : those from Serratia marcescens (from the U.S.A.) were eliminated after growth at 44 "C, whereas those from Salmonella typhimurium (from Canada) were maintained. The plasmid R83 1 b from Serratia marcescens, which was not temperature-sensitive for transfer, was nevertheless eliminated from its host at 44 "C.
Isolation of H plasmid DNA and determination of approximate molecular weight. Plasmid transfer experiments have shown that all drug resistance markers carried on H plasmids had codes for all plasmid-associated properties, plasmid DNA was isolated and the plasmidenriched DNA fractions were subjected to electrophoresis on an agarose slab gel for 6 h. The H plasmid DNA preparations contained a single species of DNA, usually of high molecular weight (Fig. 3) . Hansen & Olsen (1978a, b) encountered difficulties in the estimation of the size of high molecular weight plasmids by agarose gel electrophoresis. Standard curves of the log of the molecular weight versus the log of the relative mobility yielded an underestimate of the size of very large plasmids and Hansen & Olsen (1978 a) found that the standard curve was not linear beyond 140x lo6. In spite of this limitation, however, the method is excellent for determination of the number of different size classes of plasmid DNA present in the cell. For high molecular weight plasmids, it also permits the determination of their approximate size relative to plasmids of similar molecular weights 
Transfer and maintenance of H plasmids
Agarose gel electrophoresis of H plasmids to determine their approximate molecular weight. DNA was extracted from plasmid-containing derivatives of RG192 (Hansen & Olsen, 1978~) . Samples of the plasmid-enriched fraction (25 i.1) and tracking dye (10 pl) were subjected to electrophoresis for 6 h at 8 V cm-l through a 0.7 % agarose gel at 18 "C. Bands were visualized as described in Methods. The slots contained H plasmids as follow;: A, Tp117; R, pRG1251; C , TP116; D, pSDl14; E, R478; F, R1022; G, R478 (upper band) and S-a, a W group plasmid of mol. wt 23 x lo6 (lower band); H, R831b.
which have been measured more accurately by other methods, such as electron microscopy (Hansen & Olsen, 1978b) . Plasmid pRG125 1 (HI) migrated slightly slower than TPll7 (= R27) and therefore had a molecular weight in the range 11 5 x lo6 to 120 x lo6. The H2 plasmids N-1, pSD16, pSD274 and R1022 either migrated slightly faster than TP116 or co-migrated with TP116 and had molecular weights between 135 x lo6 and 150 x lo6, whereas pSDll4, MIP233 and R826 migrated between TPll6 and R478 and therefore had molecular weights in the range 143.7 x lo6 to 166 x lo6. R476b and MIP235 migrated slower than R478 and thus had molecular weights greater than 166 x lo6, which were estimated to be between 180 x lo6 and 200 x lo6. Therefore all the H plasmids have high molecular weights, except for the non-thermosensitive plasmid R831b which has been shown previously to have a molecular weight of 49 x lo6 (Barth et al., 1978) . et al. (1978) described the properties and transfer of 12 HI plasmids and 58 H2 plasmids and showed that these were temperature-sensitive for transfer. Similarly, the H group plasmids we have examined in this study, except for R831 b, were also thermosensitive for transfer. Rodriguez-Lemoine et al. (1975) reported that S plasmids, which had been isolated from Serratia marcescens (Hedges et al., 1975) , had a temperature-sensitive step in their mating process. The growth temperature of the donor cells was thought to determine the production of the transfer system, so that incubation at low temperatures (22 "C) could bring about transfer at high temperatures (37 "C). Plasmids of the S incompatibility group are now known to belong to the H2 group (Taylor & Grant, 1977b) .
D I S C U S S I O N

Smith
We have determined the effect of temperature on various mating parameters in H plasmid transfer. Like Rodriguez-Lemoine et al. (1975) , we found that the incubation temperature of the recipient had little effect on transfer efficiency but that the growth temperature of the donor culture significantly affected transfer. Preincubation of the donor at 42 "C reduced transfer more than 100-fold at 26 "C. The other important parameter was the temperature of the mating mixture, as transfer was not observed during a 2 h mating period at temperatures between 37 and 44 "C when donor and recipient cultures were preincubated at 22 or 26 "C. Thus we could not confirm with pRG1251, pSD114, R478 or R477 the result reported by Rodriguez-Lemoine et al. (1975) that the growth temperature of the donor cells alone determined the transfer of R477. In their study, Rodriguez-Lemoine et al. used larger volumes of cells (10 ml) than we used in the present study (1 -5 ml). The mating mixture may have taken longer than expected to reach the inhibitory temperature and during this period some of the plasmids may have transferred.
In addition to their thermosensitivity for transfer, some H plasmids are not maintained after growth at high temperatures (37 to 44 "C). We should also point out that S (H2) group plasmids were found to be stable at 30 and 43 "C by , whereas in our hands some of these plasmids were not maintained at the higher temperature. Both Rodriguez-Lemoine et al. (1975) and Smith et al. (1978) concluded that only transfer of these plasmids is temperature-sensitive, in contrast to the T group plasmids which are not replicated at high temperatures (Terawaki et al., 1967; Coetzee et al., 1972) . Loss of some H plasmids during growth at high temperatures (the Hte phenotype) suggests to us that for some H plasmids replication or segregation may be inhibited at these temperatures; however, the precise mechanism of thermosensitive transfer and elimination remains to be elucidated. We can say, however, that Hte and Tra(ts) are separate and distinct characters of H plasmids, because R831b was eliminated at 44 "C, whereas pSDll4, which is thermosensitive for transfer, was always maintained at 44 "C.
Smith and co-workers showed that H plasmids from their collection could be divided into two sets based on their ability to transfer at 33 "C (Smith et al., 1978) . The H2 group plasmids from Salmonella from Ontario probably belong to their set 2 because transfer was observed at 35 "C. The H plasmids commonly found in Salmonella from New York State also have this characteristic (J. F. Timoney, personal communication). Plasmids of set 2 were more often maintained during growth at 44 "C (Smith et al., 1978) and this was also true of the H2 plasmids from Ontario.
As noted previously, H plasmids may have evolved in a bacterial genus, such as Serratia, in which growth is restricted at 37 "C (Rodriguez- Lemoine et al., 1975) . If so, then their temperature-sensitive mechanism of transfer has enabled them to spread efficiently to other members of the Enterobacteriaceae. H plasmids are unlikely to mediate their own transfer in the alimentary tracts of man and animals. However, many bacterial isolates may carry plasmids of more than one group, and occasionally plasmids of another group may facilitate H plasmid transfer at 37 "C (Taylor & Grant, 1977a) . Thus transfer of H plasmids at the higher temperatures cannot always be ruled out.
Plasmids of the H group are characterized by a high molecular weight (Grindley et al., 1973; Anderson et al., 1975; Jacob et al., 1977 ; this paper) except for the non-thermosensitive R831b. Moreover, the T group plasmid Rtsl, which also has a thermosensitive mode of transfer, has a molecular weight of 120x lo6 (DiJoseph & Kaji, 1974) . Studies with F and RlOO have shown that a high proportion of plasmid DNA is involved in the transfer function (Achtman & Skurray, 1977) . It is tempting to speculate that the process of temperature-sensitive transfer may be complex and require a large number of genes.
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